The bis(carboranyl)phosphines [-2,2ʹ-PPh-{1-(1ʹ-1ʹ,2ʹ-closo-C2B10H10)-1,2-closo-C2B10H10}] 
Introduction
One of the most currently active areas of carborane chemistry concerns the compound [1- (1′-1′,2′-closo-C2B10H11)-1,2-closo-C2B10H11], two ortho-carborane units connected by a C-C bond 1 and commonly referred to as 1,1-bis(o-carborane) (Fig. 1) . Although it was first reported >50 years ago, 2 the chemistry of 1,1-bis(o-carborane) was not fully explored for long periods because of the lack of a reliable, high-yielding synthesis. However, this has now been achieved 3 and consequently a significant amount of new chemistry of 1,1-bis(ocarborane) has recently appeared. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] <Fig. 1 near here>
Several authors have taken advantage of the functionality of its CcageH units to use 1,1-bis(o-carborane) as a  2 ligand, binding transition-metals to the cage through two M−C -bonds, with recent studies 7, 8, 13, 19 building on the pioneering work of Hawthorne and coworkers. 21 In marked contrast, very little has been reported concerning main group elements bound to 1,1-bis(o-carborane).
Zakharkin reported [-2,2ʹ-AsMe-{1-(1ʹ-1ʹ,2ʹ-closo-C2B10H10)-1,2-closo-C2B10H10}] and [-2,2ʹ-PPh-{1-(1ʹ-1ʹ,2ʹ-closo-C2B10H10)-1,2-closo-C2B10H10}] (I), although the latter was only poorly characterised, [22] [23] and Johnson and
Knobler have described [-2,2ʹ-PX-{1-(1ʹ-1ʹ,2ʹ-closo-C2B10H10)-1,2-closo-C2B10H10}], X = Cl and F. 24 Very recently Peryshkov and co-workers isolated an interesting 12-vertex closo/12-vertex nido species with both bridging P(i-Pr)2 and non-bridging PH(i-Pr)2 units when attempting to add two P(i-Pr)2 groups onto 1,1-bis(o-carborane), one on each cage. 17 In this contribution we expand on Zakharkin's early work, resynthesising I (in higher yield) and preparing the related -2,2ʹ-PEt compound (1), with full characterisation of both bis(carboranyl)phosphines. All phosphines have potential in homogeneous catalysis, and consequently we have explored the steric and electronic properties of I and 1 via the synthesis and study of derivatives in which the P lone pair is bound to {−AuCl} and {=Se} fragments.
Results and Discussion

Bis(carboranyl)phosphines
Double deprotonation of 1,1-bis(o-carborane) in Et2O with n-BuLi in hexanes followed by treatment with PPhCl2 affords [-2,2ʹ-PPh-{1-(1ʹ-1ʹ,2ʹ-closo-C2B10H10)-1,2-closo-C2B10H10}]
(I) as a white solid in 72% isolated yield, following work-up involving flash chromatography on silica. Although this bis(carboranyl)phosphine has been reported before it was previously characterised only by elemental analysis. 22 We have studied the compound by mass spectrometry, multinuclear NMR spectroscopy and single-crystal X-ray diffraction.
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The mass spectrum of I is dominated by a typical carborane envelope centred on m/z 392 corresponding to the molecular ion. The molecular structure of I is shown in Fig. 2 There are two crystallographically-independent molecules of compound 1 in the asymmetric fraction of the unit cell, and Fig. 3 shows a perspective view of one of them, 1AB
(the other is 1CD). Using the Structure Overlay tool in Mercury 25 the overall root-meansquare (rms) misfit between the {P(C2B10)2} fragments of the two independent molecules (25 atoms) is 0.024 Å, with the greatest individual misfit between B4B and B4D, 0.049 Å.
Including the C atoms of the Et groups results in only a marginal increase in the rms misfit to 0.029 Å (greatest individual misfit 0.073 Å between C12A and C12C) since the orientation of the ethyl group relative to the bis(carborane) in the two independent molecules is effectively the same.
<Fig. 3 near here>
This ethyl orientation is significant because of its influence on the 1 H NMR spectroscopic properties of 1 (vide infra). We believe the origin of the orientation is that it maximises intramolecular dihydrogen bonding between the weakly protonic CH atoms and the weakly hydridic BH atoms of the carborane cage, with the key CH···HB contacts shown in Fig. 4 , an alternative view of 1AB.
<Fig. near here>
To investigate this further we have undertaken DFT calculations on compound 1. The optimised (BP86-D3/def2-TZVP/def2-SVP) geometry, 1DFT (Fig. 5) , is in excellent agreement with the structure determined crystallographically (see ESI for key optimised bond parameters), including the orientation of the ethyl group. Thus the overall rms misfit between computed and experimental {P(C2B10)2} fragments (using molecule 1AB) is only 0.019 Å (greatest individual misfit 0.031 Å for P1), rising to only 0.029 Å if the ethyl C atoms are included (greatest individual misfit 0.081 Å for C12A). In terms of the ethyl group orientation the experimental lp−P−C11−C12 torsion angles are 38.8(4)° and 42.5(4)° for 1AB
and 1CD, respectively, and the computed torsion angle is 38.4°. Moreover, the DFT study provides strong support for the presence of dihydrogen bonding. A topological analysis of the electron density in 1DFT using the QTAIM methodology reveals bond critical points (BCP) between H11PX and the cage hydrogen atoms H3 and H6′, located roughly at the centre of each bond vector (see Figure S1 for a molecular graph). Additional albeit somewhat weaker interactions are present for H11QY/H7 and H12R/H11 (see Fig. S1 ). With the characterisations of I and 1 now complete, we turn to their derivatives.
Phosphines are ligands of great importance in homogeneous catalysis by transition-metal complexes, 27 and carboranylphosphines have been used extensively in a variety of catalytic applications. 28 The two key characteristics of phosphines as ligands in catalysis are their size and basicity, and we have targeted and studied derivatives of I and 1 specifically to assess these features.
Steric Properties
The steric demand of a phosphine is classically assessed by its Tolman cone angle (), 29 and
we have used the crystallographically-determined structures of I and 1 to measure these. In addition, a recent alternative to  is Cavallo and Nolan's percent buried volume parameter, %Vbur. 30 Although originally developed for NHCs, %Vbur has been shown to scale linearly with  for a range of phosphines and, furthermore, there is a strong linear relationship between  of PR3 and %Vbur of the adduct R3PAuCl. 31 For this reason we have prepared and studied the gold-chloride adducts of compounds I and 1.
Treatment of a solution of I or 1 in DCM with an equimolar amount of (tht)AuCl affords 7 and 8, respectively. In both cases co-ordination to the {AuCl} fragments causes minimal change in the structures of the bis(carboranyl)phosphines, with the same orientations of the Ph groups or Et groups being effectively maintained between I and 2 and between 1 and 3.
Moreover, a DFT-optimised study of 3 was fully consistent with its crystallographic counterpart; a structure overlay of 3 and 3DFT yielded an overall rms misfit of 0.018 Å for {P(C2B10)2} fragments (greatest individual misfit 0.027 Å for B5ʹ) rising to only 0.020 Å if the ethyl carbon atoms were included (greatest misfit 0.033 Å for C11). The overlay is somewhat poorer if the {AuCl} fragment is included, with the overall misfit increasing to 0.077 Å and the Cl atoms misfitting by 0.345 Å.
<Fig. 7 near here> <Fig. 8 near here>
The Tolman cone angle for I is calculated to be 172.5°, whilst that for 1 is 171.6° (Table   1 ). Although Ph is a larger substituent than Et, the similarity of the cone angles for I and 1 reflects the fact that the vast majority of the steric bulk of I and 1 comes from the common bis(carborane) fragment. Percent buried volumes for I and 1 are calculated to be 32.0 and 30.8 (average), respectively. Co-ordination to {AuCl} to afford 2 and 3, respectively, results in small increases in both  and %Vbur. This arises because the stereochemical influence of the P lone pair of electrons on the bis(carborane) and Ph/Et substituents is reduced on coordination, allowing small increases in the C−P−C angles and producing a slightly bulkier ligand.
<Table 1 near here>
Comparing the  and %Vbur values for I, 1, 2 and 3 with analogous species in the literature we conclude that the bis(carboranyl)phosphines I and 1 are, in terms of their size, most comparable to (but slightly larger than) tricyclohexylphosphine, PCy3.
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Electronic Properties
The basicity of phosphines PR3 is conveniently assessed by measurement of the 1-bond P-Se coupling constant, 1 JPSe, of the corresponding selenide R3P=Se; the more electronwithdrawing the substituents (i.e. the less basic the phosphine) the greater the degree of 3s character in the phosphorus lone pair and the greater the magnitude of 1 JPSe. 32 Accordingly Hz, and the re-emergence of this 2-bond P-H coupling can be understood in terms of the rehybridisation of the phosphorus orbitals induced by coordination of the P lone pair to the {=Se} fragment. 33 These changes closely follow the general trends observed for P(III) and P(V) compounds. 34 The computed averaged geminal 2 JPH coupling constant in 5DFT increases to -14.1 Hz, a value in good agreement with experiment ( 2 JPH = 11.6 Hz). We note that the phase information of the coupling constant is invisible in first-order NMR-spectra, and thus all coupling constants appear to be positive. The observed decrease of 2 JPH (or increase of the modulus | 2 JPH|) can be correlated with the admixture of a higher degree of 3s character into the P bonds, rendering the hybridisation around P close to sp 3 , as borne out in the NBO analysis of the associated P-C bonding orbitals (21-26% s, 73-78% p). This is paralleled by a notable reduction of P 3s character in the P-Se σ-bond (32% s, 67% p), compared to 52% 3s character of the phosphorous lone pair in 1DFT. This change of the electron distribution around P as the lone pair is replaced by Se in 5DFT in turn reinforces the direct Fermi contact contribution to the 1-and 2-bond coupling pathways (see ESI for more detail).
Of relevance to the basicities of the bis(carboranyl)phosphine parent compounds I and 1, 36 Clearly, these large couplings are the result of the strong electron-withdrawing property of carboranes relative to alkyl or aryl substituents, and we attribute the even larger The P=Se distances in 4 and 5 are 2.0798(6) and 2.0801(7) Å, respectively. These are significantly shorter than that in Cy3P=Se, 2.108(1) Å, 39 and those in recent compilations of P=Se distances. 38, 40 In fact the P=Se distances in 4 and 5 are amongst the shortest yet 
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.
Crystallography
Diffraction-quality crystals of all compounds were obtained by slow evaporation of a solution of the appropriate compound: I, 1 and 4; petrol: 2 and 3; DCM: 5; CDCl3. Intensity data were collected on a Bruker X8 APEXII diffractometer using Mo-K X-radiation, with crystals mounted in inert oil on a cryoloop and cooled to 100 K by an Oxford Cryosystems
Cryostream. Indexing, data collection and absorption correction were performed using the APEXII suite of programs. 44 Using OLEX2 45 structures were solved by Direct Methods using the SHELXS 46 or SHELXT 47 programme and refined by full-matrix least-squares (SHELXL). 46 All crystals were single except those of 5 which was treated as a two-component twin. All crystals were also fully ordered and solvate-free, except those of compound 3. In 3 the gold carboranylphosphine complex is fully ordered but there is disordered solvent in the lattice that was impossible to satisfactorily model. Hence for this structure the intensity contribution of the disordered solvent was removed using the BYPASS procedure 48 implemented in OLEX2.
The total electron count of solvent per cell was 420 e which corresponds to 10 DCM molecules. These disordered solvent molecules predominantly occupy four voids of ca. 270
For all structures H atoms bound to cage B atoms were allowed to refine positionally whilst H atoms bound to C atoms were constrained to idealised geometries; Cphenyl-H = 0.95 Å, Cmethyl-H = 0.98 Å, Cmethylene-H = 0.99 Å. All H displacement parameters, Uiso, were constrained to be 1.2×Ueq (bound B or C) except Me H atoms [Uiso(H) = 1.5×Ueq C(Me)]. Table 3 contains further experimental details.
<Table 3 near here>
Cone Angle and Percent Buried Volume Calculations
Bis(carborane)phosphine cone angles were calculated from the crystallographicallydetermined structures using both the free bis(carborane)phosphines (compounds I and 1) and their AuCl complexes (compounds 2 and 3), using the method of Müller and Mingos. 49 The P−M distance was set at 2.28 Å. %Vbur calculations were performed (again on all compounds I, 1-3) using the SambVca software of Cavallo and co-workers, 50 with a sphere radius of 3.5 Å, a P−M distance of 2.28 Å and scaled Bondi radii.
Computational Methods
All electronic structure calculations were carried out using the Gaussian 09 (Revision D.01) 51 program suite at the DFT level of theory. Geometries of all compounds were fully optimised without imposing symmetry constraints (C1 symmetry), employing the BP86 functional.
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Ahlrich's def2-TZVP basis of triple-ζ quality was used on P, Au, Cl, Se, C and all hydrogen atoms of the ethyl group, while all B-H units of the carborane cage were described with the def2-SVP basis set. 53 The core electrons in Au were replaced by the Stuttgart-Dresden scalar relativistic effective core potential (SDD, ECP60MWB). 54 Optimised stationary points were 
